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ABSTRACT
The Synthesis and Characterization of Thermotropic
Compounds for RIM-Type Polymers
(September 1982)
Hiroshi Hoshino, B.S., Kyoto University,
M.S., Kyoto University, M.S., University of Massachusetts
Directed by: Professor R. W. Lenz
Several hydroxy-terminated, low molecular weight polymers
were reacted to form esters bearing mesogenic endgroups. The effect
of the different repeating unit structures with a common mesogenic
unit based on an oxybenzoylterephthalate dyad ester on the formation
and properties of liquid crystals was studied by microscopic and
thermal analysis techniques. The polymeric glycols used were poly-
ethylene glycols (PEG), polytetramethyl ene glycols (PTMG), polybuta-
diene glycol (PB), and hydrogenated polybutadiene glycol (HPB) with
molecular weight of 650 ^ 6000, in addition to 1 ,12-dodecanediol for
the model compound.
Conversion of the mesogenic dyad ester to a dyad containing
a carboxylic acid group was shown to permit mesophase formation over
a wide temperature range. The HPB product of this series was found
to be a liquid crystalline elastomer with a low viscosity above the
melting point, and with film forming ability. On examining the effect
of endgroups on physical properties, it was found that both the length
v
of mesogen and hydrogen bonding interaction by carboxyl groups proved
to be the most important factors to form liquid crystals with the PB
and HPB polymers. Texture observation of macroglycol products on a
polarizing microscope gave neither sharp T.. (clearing temperature) nor
typical pattern of mesomorphic state. This result may be explained on
the basis of the low stability of liquid crystal phase. These results
were consistent with the differential scanning calorimetry (DSC)
measurement that showed isotropic transition endotherms on heating but
no peak on cool ing.
Low molecular weight precursors with liquid crystalline
endgroups associate to form high molecular weight polymers which
resulted in films. Until now physical properties have been poor, but
there is a possibility that further research in this area might
provide a route to useful polymers which could be adaptable to the
RIM process.
vi
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CHAPTER I
INTRODUCTION
The Concept of Liquid Crystalline
Structures and Properties
Liquid crystals (LC) are highly oriented liquids that occur
over various temperature ranges in the melt or solutions of certain
organic molecules and some polymers. Compounds capable of forming
liquid-crystal mesophases in solutions are called lyotropic and
those in the melt are known as thermotropic. Liquid crystallinity
is an intermediate state of matter, bounded by the usual crystalline
solids and isotropic liquids.
Liquid crystals are known to exist as three structures--
smectic, nematic, and cholesteric--which differ in nature of local
molecular order as shown in Figure 1.
Smectic structure . Several types of smectic phases have been
identified and range from smectic A to smectics B, C . . . H, etc.,
where the molecules are in a two-dimensional lattice. The physical
appearance of the smectic phase is that of a highly viscous, turbid
fluid.
Nematic structure . Molecules remain parallel to one another in the
nematic structure as well, but the positions of their centers of
gravity are disordered. The nematic phase is physically seen as a
1
2A
1 >
A
Cholesteric
Fig. 1. The liquid crystalline phases
3turbid fluid, but of much lower viscosity due to lesser intermolecular
forces.
Cholesteric structure
.
The third type of liquid-crystal modification,
the cholesteric structure, is so named because many compounds that
form this mesophase are derivatives of cholesterol. If an optically
active material forms a nematic phase, the preferred direction of the
long molecular axis is not constant over the whole sample, but rather
it displays a continuous twist. The cholesteric structure is
considered to be a twisted nematic. The distinguishing feature of
cholesteric liquid crystals is their iridescent color and extreme
optical rotatory power.
The phenomenon of mesomorphism is fundamentally a consequence
of molecular shape. A necessary condition for the formation of a
mesophase is that the molecule be elongated. A factor which may be
used to roughly determine mesomorphism is therefore the length-to-
width ratio of the molecular frame, which is defined as R. If R)$>1,
there is a possibility of liquid-crystal formation. For an ordered,
parallel arrangement to be retained after the melting of the solid,
intermolecular interaction must be sufficiently strong. Interactive
forces can be classified into the following four categories:
(1) Dipole-dipole interactions
(2) Dipole-induced dipole interactions
(3) Dispersion forces
(4) Hydrogen bonding
The stability of the mesophase is correlated with the structure
4based on the considerations of the nature and magnitude of the
3intermolecular forces.
The nature of the liquid crystal depends on terminal groups.
For instance, highly polarizable terminal groups tend to favor
interactions along the long axis of the mesogen, and as a result,
these groups tend to enhance the formation of a nematic mesophase.
On the contrary, groups that tend to reduce terminal interaction and
enhance lateral interaction instead, will form a smectic phase.
Therefore, for example, in many systems terminal methoxy, cyano, and
nitro groups have a greater tendency to form nematic mesophases,
while halogens tend to favor smectic phases.
4
Verbit and Tuggy showed an interesting trend that nematic
mesophase stability is found to be approximately parallel to the
size of the central group d, which is defined as follows.
Measurements were taken from the projection of Dreiding Models onto
a plane surface (Table 1). The significant feature is the central
unit which links the two para-substituted phenyl rings. These central
groups generally contain polarizable n-electron density and are
relatively rigid, thus serving to confer an overall rod-like shape
to the molecule. Typical examples are benzene rings, double and
triple bonds.
TABLE 1
TRANSITION TEMPERATURE DATA FOR SOME MESOGENIC ESTERS
WITH p-n-BUTOXYPHENYL WING GROUPS
M1
Compound
Ha.
o
d, A
Phase transitions
end t«sperature3*
11 -coo- 3.5 K 37 II 92 I
H ,COQ-N
c=c
OOC CH
3
7.8 K 95 I (9^ M)
12 -COC-C = C-COO- 8.15 K 91-5 N 99.5 I
H £00-
i W
-OOC?' H
7.8 K 112 N I
13
COO
oc- 10.0 K 129 N 157 I
i
-OOC
CCO-
10.0 K 113 S 1C2 I' 5 R 22
9.6
9-75
9.6
9-75
K 152 :.' 221 I
K 113 H 226 I
K 139 W 235 I
K 153 N 2M I
18
-C00<O)-\O)-00C- 13 - 95 ?: 171 s l8U 8 3
For example, Kl 13S162N220I represents
crystal »-sr,ectic—^.nematic-—^-isotropic
113° 162° 220°
6Liquid Crystal Polymers
Polymeric liquid crystals are classified into thermotropic
and lyotropic liquid crystals in a similar manner as low molecular
weight LC's. Of the former type are (a) polymers containing LC
forming structure (mesogenic group) in the side or main chains,
(b) flexible polymers, such as polyphosphazenes and polydiethylsiloxanes.
The latter type is (c) rigid polymers, such as polypeptides, aromatic
polyamides, cellulose, and their derivatives (d) block copolymers.
Polymers containing mesogenic groups in the main or side chains . As
shown in Figure 2, a main-chain LC polymer is obtained if condensa-
tion reaction occurs between A and B functional groups. If
addition polymerization with A group occurs, the polymer contains
mesogenic side groups.
Main-chain liquid crystal polymers . Rigid-rod polymers have
5
been reviewed by Jin and coworkers and are usually high-melting
point polymers with a large aromatic content. These thermotropic
polymers are analogous to the Kevlar^ class of lyotropic polymers
except that the linking unit in the former is typically an ester
rather than an amide group.
It has been shown that rod-like molecules form lyotropic LC
above a critical concentration. With an increase in flexibility of
the molecule, the critical concentration shifts toward high values.
Similarly, some flexibility is also important for thermotropic LC's
to lower the transition temperature. The mesogenic units most often

8used are those which are also found in low molecular weight liquid
or
crystals, as shown in Figure 3. They are Schiff bases, trans-
stilbene, bi phenyl, terphenyl
, and di phenyl azo residues as well
as dyad and triad aromatic esters. The flexible spacers are
polymethylene, poly (ethylene oxide), and polysiloxane chains and
are also shown in Figure 3.
The transition temperature is lowered when asymmetric
substitution is carried out in the aromatic groups. For example,
assymetrically-substi tuted hydroqui nones with terephthalic acid
lead to the formation of melt spinnable polymers, whereas the
analogous non-substituted polymers are generally so high melting
as to be unsuitable for fiber spinning.
38Side-chain liquid crystal polymer . It was observed for
comb-like polymers that interactions between side groups increase
drastically with increases in the length of the alkane side
chain
6
'
7
'
8
-
9
The comb-like polymers are usually prepared from vinyl monomers
displaying LC behavior. The polymerization is carried out in the
liquid crystal state, in the isotropic liquid state, or in isotropic
or in anisotropic solutions.
An illustration of LC structures that are formed by side
groups is given in Figure 4(a) for the isotropic fluid state, in
Figure 4(b) for the nematic orderings, and in Figure 4(c) for the
smectic ordering of side groups.
10
A random orientation of side
groups was observed in the case of the isotropic ordering. Whereas,
Mesogenic Units Flexible Spacers
Fig. 3, Various mesogenic units and flexible spacers
that have appeared recently in the literature.
Fig. 4a. The structure of the bulk isotropic fluid stale of polymers with lone side ch
Fi g . 4c . The structure of the hulk $mcct ic phase of polymers with long side chains
11
the side groups are oriented parallel to the preferred direction in
the nematic phase. In the case of the smectic ordering, a preferen-
tial orientation of the side group exists, but in contrast to the
nematic phase, an ordered arrangement of the centers of gravity of
the side groups occurs. This leads to the formation of smectic
layers.
The main chains tend to take statistically stable conforma-
tions while liquid crystalline order in side chains is favored.
Therefore, it is difficult to take a LC state with mesogenic group
combined directly to the main chain. On the other hand, it is easy
to take the liquid crystalline structure if the connection of the
side mesogen is through a spacer.
Characterization of Liquid Crystals
Since LC's have many unique physical properties, they are
characterized with various methods.
(i) Fisher-Johns melting point apparatus is the most handy
method, with which turbidity and sti r-opalescence may be observed
in the mesophase.
(11) The thermodynamic properties of mesomorphic states are
also interesting. From thermal and volumetric measurements it has
been proved that both the change from crystal to liquid crystal and
the change from liquid crystal to isotropic melt are first-order
transitions (Figure 5). The melting from crystalline to nematic
phase represents quite a substantial increase in entropy. For this
12
36
Fig
. 6, Schiiercn texture with disclination 'points' of ncmatic4-n-caproyIoxy-
4-ethoxyazoxybenzene; film between glass slides at I30C; thickness «s 5 /<m;
crossed polarizers; magnification x200; n-caproyl = CH 3(CH 2 ) 4CO
13
transition, they are of the order of 20 cal/mol.K. However, the
clearing transition from nematic to isotropic fluid has a much lower
value of AS than the melting transition and is generally M0% of that
of the melting. 11 This relationship indicates an even smaller change
in order, and shows that the degree of randomness of the mesophase is
much closer to that of the isotropic melt than to the solid.
(iii) The liquid crystalline study with a polarizing micro-
scope is carried out on a thin film between two glass plates. On
cooling from the amorphous to the isotropic liquid, circular bire-
fringent areas appear at first. The appearance of the textures that
form after the complete transition often depends considerably on the
layer thickness. Thicker nematic layers are found to show the typical
threaded Schlieren texture. The well-defined thread-like structures
may move and float around in the nematic phase. The term nematic
refers to these features, being derived from the Greek word "nema,"
a thread.
In thinner layers the threaded texture changes to the Schlieren
texture with point-like disci inations (Figure 6). The appearance
between crossed polarizers is characterized by dark brushes which
start from points, in which the direction of extinction is not defined.
Visually, points with two or four dark brushes can be observed for
nematic textures. On turning the polarizer and analyzer simultaneous-
ly, the direction of the brushes at the disci inations turn either in
the same direction (positive disci ination) or in the opposite direction
(negative disci ination)
.
CHAPTER II
SYNTHESIS AND CHARACTERIZATION OF THE MESOGENIC UNIT
Outl ine
The objective in this thesis work is preparation and
characterization of LC elastomers that have the following general
structure (Figure 7(a)) consisting of mesogenic endgroups (Figure
7(b)) and long flexible spacers of macroglycal such as polyethylene
glycol (PEG), polytetramethylene glycol (PTMG), polybutadiene
glycol (PB), and hydrogenated polybutadiene glycol (HPB).
The key precursor for the synthesis of macroglycol di esters
and diacids is benzyl terephthaloyl-p-oxybenzoyl chloride (BTBC)
A 5-step synthetic route has been developed along the
12 13
following reaction sequence ' (Figure 8).
Dibenzyl terephthalate (II) . Terephthaloyl chloride (50g.
0.25 mol) was dissolved in 250 ml of absolute tetrahydrofuran (THF)
and 61.4 ml (0.55 mol) of benzyl alcohol were mixed with 50 ml of dry
(I).
CO-OCH
(I)
Experimental
14
15
I
= Mesogenic group
\/V = Flexible spacer
Fig. 7a. General structure of glycol diesters and glycol diacids.
C0-^^-0-C0-^^-C0-0-CH
(M-A)
C0-(^-0-C0-^^C0-0H
(M-B)
Fig. 7b. Mesogenic group.
CI " C0
^^" C
°- C1 +
^^
CH
2
0H
py
(ID
1) KOH 2) H
+
THF
CH
2
0-C0-^^C0-0CH
2
.
(ID
HO-CO/OVCO-OCH
(III)
(III)
S0C1
C1-C0^^-C0-0CH
2
(IV)
(IV) + Na0^(^-C0- ONa
2) H
+
HO-CO^^-O-CO-^^-CO-OCH
(V)
(V)
SOC1
CI -CO-<^-0-CO-^^-CO-OCH
(I)
Fig. 8. Synthetic route to the mesogenic group.
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pyridine. The acid chloride solution was added dropwise to the
alcohol under mechanical stirring. After the reaction was run
overnight at room temperature, half of the THF was removed by
distillation and the residue was poured into 750 ml of a Na
?
C(L-
ice water mixture. The white precipitate was washed, after filtration,
with dilute HC1
,
water, and the product was crystallized from 95%
ethanol to give the dibenzyl ester (II) in 95% yield (mp. 98.5 %
100. 5°). 12
25
Monobenzyl terephthalate (III)
. To a solution of 20g (0.058 mol)
of (II) in 450 ml benzyl alcohol was added solution of 3.2g (0.058
mol) of potassium hydroxide in 45 ml of benzyl alcohol over a period
of 45 minutes. The temperature of the exothermic reaction rose to
60°C and was maintained at that temperature by cooling with a water-
bath. The temperature of the reaction mixture was reduced, and the
reaction mixture was filtered. The solid product was washed with
toluene and dried under vacuum at 120°C. The salt was purified by
first dissolving it in excess water, filtering, and then titrating
the solution with 0.1 N HC1 to pH 5.3. After half an hour, the pH
of the solution was adjusted to 5.25, and the solution left overnight
at 0°C. The isolated product was filtered, washed, and dried.
Finally, it was recrystallized from toluene. Yield was 75%
(mp 184 % 187°). 12,14
Monobenzyl terephthaloyl chloride (IV) .
25
Thionyl chloride was
pu rified with tri phenyl phosphate, as described by Fieser and
18
1
5
Fieser, to a colorless liquid. The acid chloride of monobenzyl
terephthalate (III) was prepared by refluxing the acid (IV) for one
hour in a 3 to 1 (v/w) excess of thionyl chloride with dimethyl -
formamide (DMF) as catalyst. After removal of the thioryl chloride,
by vacuum distillation, dry toluene was added under N
2
atmosphere.
The toluene was removed to drive off the final traces of thionyl
chloride. Acid chloride (IV) was used for the following step without
further purification flask. The melting point of isolated acid
chloride is 27.7 % 28.2°C, according to Fahn and Seidel. 12
Benzyl terephthaloyl-p-oxybenzoic acid (BTBA) (V) . E. Fischer's
1
3
method was modified for this system. Into the acid chloride of
monobenzyl terephthalate 200 ml dry ether was poured and transferred
to a dropping funnel. A three-necked flask was charged with 172 ml
of N-NaOH (172 mmol ) and 64 ml water, and 11.9 g of p-hydroxybenzoic
acid (p-HBA) (87 mmal ) was dissolved. Both solutions were cooled
for one hour in the refrigerator before running the reaction. Then
under vigorous stirring, the acid chloride solution was added to the
p-HBA solution. Resulting precipitate was ground well in a mortar,
neutralizing with dilute HC1. Without a visible change, sodium salt
was converted to free acid form in a crude yield of 83%. Recrystalli-
zation was carried out with n-butyl alcohol, mp 184 * 190°.
Benzyl terephthaloyl-p-ox,ybenzoyl chloride (BTBC) (I) . A three-
necked flask was charged with 47 g of BTBA (V) and 120 ml thionyl
chloride and 3 drops of DMF. The reaction mixture was refluxed for
2-3 hours. In order to remove the excess S0C1 2 ,
it is important to add
19
dry toluene before solidification of the product to complete the
removal by vacuum distillation. The product was recrystal lized
under dry atmosphere with the mixture of carbon tetrachloride and
petroleum ether, yield 65% (mp 105 % 109°). 16
Results and Discussion
Several attempts were made to isolate the forth step of
this mesogen synthesis in this laboratory. C. Ober used solvent
mixture of 1 ,2-dichloroethane and dioxane (2:1) to dissolve the acid
chloride of monobenzyl terephthalate (III) and sodium hydroxide
aquous solution of p-HBA, but p-HBA was recovered. Then he tried
diethyl ether system with benzyl tri ethyl ammonium chloride as a
phase-transfer catalyst (PTC), also in vain. After failing in
THF-pyridine system, the desired product was finally obtained when
E. Fischer's procedure was exactly followed. Thereafter, yield was
increased by adding the acid chloride dropwise to p-HBA with the
dropping funnel, while Fischer added 1/3 portion of the acid
chloride and p-HBA alternately to the reaction flask. These successes
and failures imply the importance of the solvent for this reaction.
Dioxane seems to be too hydrophilic to eliminate hydrolysis of the
acid chloride before the desired coupling reaction. PTC might
also give too much affinity to the solvent system.
In the case of THF-pyridine system, the result was to obtain
unexpected products, one of which is considered to be mixture of
oligomeric species with the following structure.
<^CH
2
0-C0^C0- (o^Co|o<p>CO-OH
n=l,2 —
To allow these oligomers to be produced, active intermediate
species (VI, VII) should be involved before the reaction with OH
group in p-HBA (Figure 9).
Transchl on nation
21
R^CO-Cl
R^COOH
R
2
-0 COOH
R
1
-
+ R'
R'
-0^^-CO-Cl
(VI)
Ar
H or ArCO
Mixed Anhydride Formation
r
]
-co-ci + R2-o^^- COOH
HC1
R^CO-O-CO-^^-O-R 2
(VII)
Fig. 9. The possible routes to the undesired intermediate species
CHAPTER III
SYNTHESIS AND CHARACTERIZATION OF MACROGLYCOL DIESTERS
Out! ine
Glycol diesters (VIII) have been obtained by the reaction
of the acid chloride of BTBA (I) with various glycols in N-methyl-
pyrrolidone (MNP) using triethylamine as HC1 acceptor (Figure 10).
M-A-Cl + HO AsAAAAAv/ OH
(I)
NEt
3
/NMP
90° X 60 hrs
M-A AvA^\AAA^\An^/ M-A
(VIII)
Figure 10. Synthetic Route to Macroglycol Diesters
Results
Among macroglycol diesters (VIII), PEG-1540 diester was
the only one which was LC. All of these compounds had low melting
points (Table 2).
Experimental
Macroglycol diesters (VIII) . A 50 ml three-neck round flask equipped
with a dropping funnel and a stopcock was degassed under vacuum, and
then charged with dry nitrogen. The reaction was carried out under
22
23
TABLE 2
MACROGLYCOL DIESTERS
Macroglycols Macroglycol Diesters
Combined with M-A T
m
Liquid Crystal! inity
PB-2100 <r.t. No
HPB-2100 • <r.t. No
PTMG-650 32 - 35 No
PTMG-2000 26 - 28 No
PEG-1000 10 NO
PEG-1540 20 20 - 28°
PEG-6000 47 - 49 No
24
dry N
2
atmosphere. The flask was charged with 2.6 g of acid
chloride (I) (0.65 mmol) and then 5 ml of absolute NMP. The flask
was warmed with a hot-air blower and stirred in order to dissolve
the acid chloride (I). The dropping funnel was charged with glycol
(0.25 mmol) which was dried for a few hours at 80° under vacuum
in advance, 1.0 ml tri ethyl amine (0.75 mmol) dried with CaH
2
and 2 ml
NMP. The glycol mixture was added dropwise to the acid chloride
solution for 10 minutes and stirred at room temperature for 1 hour.
The temperature was raised to 80° with an oil bath and the reaction
mixture was allowed to stir overnight.
The product was diluted with acetone and precipitated in
500 ml of water under vigorous agitation. The water was discarded
by decantation and the crude product, which was dried in the air
overnight, was again reprecipi tated with a proper organic solvent,
and finally dried in the vacuum-oven for many hours.
In the case of HPB di ester synthesis, NMP was not compatible
with HPB, therefore tetrachloroethane was used instead.
Glycols .
JSR-HTPB (PB) . Anionically polymerized hydroxy- terminated
polybutadiene (HTPB) was obtained from the Japan Synthetic Rubber
17 18
Co. Properties were shown in Table 3.
'
Hydrogenated JSR-HTPB (HPB) .
19
Hydrogenation of PB was
carried out at 70°C in a Parr 0.5 litre high pressure reactor. Ten
g of PB (185 mmol-double bond) was dissolved in 200 ml of THF in a
0.5 litre glass reaction sleeve. Three and nine tenths of 5% palladium
25
26
or calcium carbonate was added and this sleeve was placed in the
bomb chamber, which was equipped with a mechanical stirrer and gas
inlet and outlet valves. The bomb was assembled and connected to
a nitrogen cyclinder. The reaction sleeve was flushed for 15
minutes with a slow flow of N
2
gas. The bomb was then pressurized
with H
2
to a pressure of 480 psi. The stirrer was engaged and the
reaction was allowed to run for about 5 hours. Then stirring was
stopped and the remaining gas was vented out of the reactor. The
suspension was filtered by suction through Celite filter aid to
remove the catalyst and dried with Drierite overnight. The solvent
was removed with the rotary evaporator, isolating the hydrogenated
PB. The product was noticeably more viscous than the starting
material. IR absorption bands 2 ^1 at 910 cm"1 (vinyl), 965 cm" 1
(trans-vinylene) 990 cm
-1
(vinyl), 1640 cm" 1 (vinyl, vinylene), 3080
cm"
1 (vinyl, vinylene), which were found in the starting PB,
disappeared completely. The NMR spectrum of the product also showed
37 25
the complete hydrogenation. Anal, calcd C. 84. : H 14.
Found: C 83.
74
, H 14.
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PTMG-650 . Polysciences, Inc. Mn = 650.
PTMG-2000 . Polysciences, Inc. Mn = 2000.
PEG-1000 . Polysciences, Inc. Mn = 1000.
PEG-1540 . Polysciences, Inc. Mn = 1540.
PEG-6000. Fisher Scientific Co. Mn = 6000 * 7500.
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TABLE 4
MICROANALYSIS OF MACROGLYCOL DIESTERS
Macroglycol Yield {%)
C
Calcd. Found
H
Calcd. Found
PTMG-650 72 70.30 69.73 7.47 7.42
PTMf;-?nnnr i HQ &uuu 1 9 fiR 47UO . H / UO • tU q n3. OJ
PEG-1000 41 62.56 62.49 7.06 7.26
PEG-1540 14 60.62 60.98 7.57 7.25
PEG-6000 73 56.56 56.15 8.55 8.91
PB-2100 93 84.14 85.31 9.36 9.99
HPB-2100 50 81.86 80.87 11.81 11.56
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Discussion of Results
Recrystallization of BTBC (I) is crucially important because
trace S0C1
2
which was contained in (I) caused formation of a,co-
dichloride.
HO /VWV OH + S0C1
2
• >- CI /VW CI
The possibility of transesterifi cation during this Schotten-
Baumann reaction was discounted by measuring molecular weights (MW)
and molecular weight distribution (Mw/Mn) of macroglycols with Gel
Permeation Chromatography (GPC, Waters Model 201) (Table 5). Since
there are several groups in the acid chloride species, they may
transesteri fy with hydroxyl groups, which normally react with the
acid chloride because the reaction condition, 60 hours at 90°C, is
severe. If transesterification occurred, the MW and Mw/Mn would
change considerably. The results shows clearly there was no such
side reactions and also the purity of each product is very high.
MW's were obtained from a computer program based on the polystyrene
standard.
Low molecular weight model compounds for the macroglycol
di esters were prepared by Grune
16
in this laboratory. As shown in
Table 6, six compounds exhibited thermotropic LC transitions.
Similar thermodynamic effects as those seen for both small molecules
and macrocmolecules of similar structure to the model compounds were
found.
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TABLE 5
CHARACTERIZATION WITH GPC
M
n
M
w
M /M
w n
PB-2100 2560(2120)* 3690 1.44
PB-2100 Diester 3140(2822)** 4360 1.39
HPB-2100 Diacid 3300(2720)** 4900 1.48
PEG-IOOO 740(1000)* 840 1.14
PEG-IOOO Diester 1350(1702)** 1550 1.15
PEG-IOOO Diacid 1420(1522)** 1690 1.19
*Determined by titration method.
**Theoretical Molecular Weight.
TABLE 6
16
MODEL COMPOUNDS FOR MACROGLYCOL DIESTERS
Mono- or Diol Diester
Combined with M-A T T. AT AHm AH -j ASm AS.:m 1 (Kcal/mol) (cal/mol-K)
n-Hexanol 97 113 16 3. 24 0. 04 8. 76 0. 104
n-Dodecanol 181 191 10 3. 86 8. 40
1 ,5-Pentanediol 107 137 30 7. 74 0. 48 20. 37 1. 18
Diethylene Glycol 122 126 4 9. 24 23. 39
1 ,6-Hexanediol 136 171 35 9. 03 2..41 22. 08 5,,55
1 ,1 2-Dodecanediol 126 149 23 16. 9 1 ,34 42. 36 3 ,18
30
Among macroglycol diester compounds, PEG-1540 diester is the
only one which is LC. It showed sti r-opalescence in the temperature
range of 20 ^ 28°. Sti r-opalescence was so weak that reproducibility
was carefully examined. On DSC, this mesophase appeared as a tiny
endotherm at 33°C. Actually, it looked like a shoulder on the slope
of large melting peak which was centered at 23°C (Figure 11).
On the other hand, PEG-1000 diester, which has a shorter
spacer and higher mesogen content, was not LC.
The PTMG-650 derivative, having an even shorter spacer, was
not LC either. An important premise is necessary to describe this
problem; that flexibility must be in a certain range, not too small
to arrange the mesogen, and not too large to disturb mesomorphic
orientation. By considering one sample, this theory may be proven.
For example, the mesomorphic temperature range is limited from Tm
or Tg, above which segments are mobile and able to arrange, to Ti
,
below which segments do not disturb forming orientation.
The diester of PEG-6000 is crystalline with a very sharp
melting point. This explains that the highly crystalline oxyethylene
segments dominate the morphology. PB and HPB derivatives remained as
liquids with Tg's about -40°C.
Rearrangement of the properties of the oxyethylene-containing
product series may give a different view (Table 7). The conclusions
are drawn that benzyl terephthaloyl -p-oxybenzoyl group (M-A) is
not strong enough as mesogenic unit and the Tm
highly depends on the
melting point of the starting glycol.
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TABLE 7
THERMODYNAMIC PROPERTIES OF PEG DIESTERS
Glycol DP n of Oxyethylene Spacer Diester
Combined With M-A Unit in Glycol Content (%) Tm T i
Diethylene glycol 2 13 122 126
PEG-1000 22.3 58 10
PEG-1540 34.6 68 20 28
PEG-6000 45.0 89 47-49
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CHAPTER IV
SYNTHESIS AND CHARACTERIZATION OF
MACROGLYCOL DIACIDS
Outl ine
Macroglycol di esters (VIII) were hydrogenolysed with a
catalytic amount of palladium in the pressure reactor to obtain
macroglycol diacids (IX) (Figure 12).
M-A AA/WW M-A (VIII)
H
2
/Pd-CaC0
3
in THF
300 psi
r.t. X 10 hrs.
«
1
M-B AA/S/VVS/ M-B (IX)
Figure 12. Synthetic Route to Macroglycol Diacids
Resul ts
All of diacids (IX), except the derivative of PEG-6000, showed
liquid crystal linity. HPB-2100 and PEG-6000 were film forming,
although their mechanical strengths were poor (Table 8).
Experimental
The method, which is quite similar to hydrogenation of
polybutadiene glycol (PB) was taken in order to obtain glycol diacids.
33
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TABLE 8
MACROGLYCOL DI ACIDS
Glycol
s
LomDinea with M-b
Glycol
T
i
Di acids
Film Forming
1 ,12-Dodecanediol 240 257 No
HPB-2100 70 130 Yes
PTMG-650 110 195 No
PTMG-2000 40 150 No
PEG-1000 40 70 No
PEG-6000 46 46 Yes
35
In a typical reaction, 1.3 g of glycol diester (VIII) was dissolved
in 33 ml THF and 0.33 gm of 5% Pd on CaCCL was added. The H
^ 2
pressure was 300 psi and the reaction was run at room temperature,
and the reaction time was about 5 hours. The product solution was
dried with Drierite overnight before filtration with the aid of
Celite. THF was removed with the rotary evaporator.
The diacid products (IX) were confirmed especially by ^ NMR
whose spectra showed the complete disappearance of benzyl methylene
protons (}>CH_
2
- at 5.4 ppm as shown in Figure 13. The peak area
at 7.4 ppm which is assigned to benzyl aromatic protons (5H) and
oxybenzoyl protons (2H) was reduced while the peak area for the
other 2H of oxybenzoyl group and terephthaloyl protons (4H), which
are seen at 8.3 ppm, did not change (Figure 14).
For the model compound, 1 ,1 2-Dodecanedial derivative, the
hydrogenation procedure was not successful, therefore, (VIII) was
cleaved with hydrogen bromide to give (IX).
Pi s cuss ion
Syntheses . The benzyl ester group is often used to protect carboxyl
group because the benzyl ester is more verunerable to cleavage
reaction than other ester groups, generally, due to the larger
stability of the benzyl transition state. Benzyl ester can selectively
be converted to the acid form by hydrogenation by acidic and basic
hydrolysis and by other methods.
Initially, it was attempted to hydrolyze the diester of

37
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PEG-1000 with hydrogen bromide in tri fluoroacetic acid solution.
However, the conversion was not high enough to purify the product
with easy methods.
Recently, catalytic transfer hydrogenation methods to cleave
protective benzyl esters have been developed in the field of amino
35
acid synthesis; 1 .4-Cyclohexadiene (Columbia Organic Chemical, Inc.)
was used as hydride source together with Pd on carbon black in the
21
solution of ethyl alcohol. In this case, precipitation occurred
in the course of the reaction, which did not allow a clear solution
to result. In order to overcome this solubility problem, B. ElAmine
22
and coworkers found a new hydride source, formic acid, which also
works as a reaction solvent.
CH
2
0CR + HCOOH — <Q)CH
3
+ HOCR + C0
2
0 0
The diacid form of PEG-1000 was obtained in a yield of only 17%
after purification by filtration and reprecipitation
,
although ^H NMR
of the reaction mixture showed quantitative conversion with complete
disappearance of benzyl methylene protons at 5.4 ppm.
Hydrogenation in a pressure reactor was found to give an
excellent procedure. It is only because of product adsorption on
Celite that the yields were not very high. There is some possibility
that other ester and ether linkages including THF-ether bond may be
23
cleared in hydrogenation reaction in more severe reaction conditions.
However, this possibility was denied by characterization of products,
39
TABLE 9
MICROANALYSIS OF MACROGLYCOL DI ACIDS
Glycol
fnmhi nprl wi t h M-R1
.
1 /i i n j 1 1 it u Willi ri" D Yi p1 rl1 IClU Pal rH
Analysis
C H
Found Calcd Found
1 ,12-Dodecanedi ol 80 68.28 67.30 5.73 5.52
HPB-2100* 99 81.14 80.77 12.14 12.58
PTMG-650 74 66.76 65.88 7.59 7.73
PTMG-2000 85 66.69 65.40 9.52 7.87
PEG-1000 81 57.70 57.71 6.96 7.20
PEG-6000 59 55.55 55.12 8.68 8.93
*Di ester of PB-2100 was hydrogenated and the vinyl and vinylene
bonds were saturated.
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with Wand GPC. Table 5 shows M
n , Mw and its ratio measured with
the polystyrene standard. Mw/^n ratios were not very different among
each series.
Properties. Because of strong hydrogen bonding between carboxylic
groups, acids often form thermotropic LC. A necessary condition is
that the C00H group be attached to a rigid moiety, usually aromatic.
Aliphatic carboxyl compounds, with the possible exception of alkanoic
acids containing conjugated double bonds, are isotropic above their
melting point. A benzoic acid moiety attached to its neighbor
by a hydrogen bond provides a sequence of these coplanar hexagonal
rings that strongly enhances rigidity and anisotropy of the molecule
(Table 10).
All of di acids of macroglycol s , except PEG-6000 diacid, showed
the liquid crystallinity under the polarized-light microscope.
Generally speaking, diacids had much higher Tm 's than diester
couterparts, as would be expected, due to strong intermolecul ar
interaction by carboxylic acid groups forming eight-membered rings.
In the first row in Table 11 is 1 ,12-dodecanediol diacid,
the model compound for macroglycol diacids. This had melting enthalpy
of 18.1 Kcal/mol and 2.29 for transition from mesophase to isotropic
state. Those amounts are a little larger than diester counterparts
TABLE 10
SOME LIQUID CRYSTALS WITH
CARBOXYLIC ACIDS
6-Methoxy-2-naphthoic acid 2
COOH
CH
3
0
Hematic
V° C ) Tf CC)
206 219
£-n-Propoxybenzoic acid 2
-^-COOHC3 H7 0
Nsmatic 145 154
: ,2|>-n-Hexyl benzoic acid
C
6
H13-©"C00H
Nematic 97.5 114.5
4'
-Methoxybi phenyl
-4-carboxyl ic acid 2
CH3°-OkO)-c00h Nematic 258 300
BTBA (V) 16
CH
2
0-C0-<^>-C0-0^Q^C00H
164 175
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TABLE 11
THERMODYNAMIC PROPERTIES OF MACROGLYCOL DI ACIDS
Glycol
Combined
with M-B
Polarizing Microscope
°C °C
h
DSC
AHm AH-j
Kcal/g
ASm ASi
mcal/g*K
1.12-
Dndpcanpdi o
1
240 257 C J J 711 L J O.I HO O . 0
HPB-2100 70 130 97 - 0.75 - 2.0
PTMG-650 110 195 90 1.4 - 38
PTMG-2000 40 150 11 57 5.5 1.0 19 3.0
PEG-1000 40 70 19 35 3.6 0.66 11 2.0
PEG-6000 46 60 28 84
43
(16.9, 1.34, respectively) which were determined by G. Grune. 16
Under polarizing microscope, a Schlieren texture with four-brush
pattern was observed (Figure 15) which is characteristic of the
nematic state, and nematic droplets with maltese-crosses were seen
on cooling from isotropic liquid (Figure 16). A pair of peaks were
found on DSC on the second heating as well as on the first heating
(Figure 17). It was realized that recrystal 1 ization has a drastic
effect on the mesomorphic behavior. Before recrystal 1 ization, T-j was
as high as 387° with decomposition under the polarizing microscope
and the sample showed very bright texture consisting of tiny spheres
in a wide temperature range.
HPB-21 00 diacid is an elastic liquid crystal with film
forming property. This product is the only one that can be called
a liquid crystalline elastomer, although it is not worthwhile
measuring mechanical properties, unfortunately. A rubber-like film
was obtained by drying THF solution in the air on the silicone-wax
coated glass.
On DSC, a broad endotherm was seen ranging from 67° to 104°
(Figure 18). No significant peak was found between Tg and Ti . For
this product, the final purification was drying from THF solution with
the rotary evaporator. This sample was birefringent at room
temperature before melting and can be called LC glass. In contrast,
most virgin samples of LC polymers prepared in this laboratory are
never birefringent below melting point.
Microscopic examination under polarized-light were carried out
44
* 1/
Fig. 15. Photomicrograph of Schlieren texture of 1 ,12-dodecanediol
diacid taken on heating at 247°C (320x Magnification) Leitz.
Fig. 16. Photomicrograph of nematic droplets of 1 ,12-dodecanediol
diacid taken on cooling at 255°C (320x Magnification) Leitz.
second heati
Fig. 17. DSC thermogram of 1 ,12-dodecanediol diacid
Heating rate 80°C/min, cooling rate 80°C/min.
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1 1 " i
0 50 100
T ( °C )
Fig. 18. DSC thermogram of HPB-2100 diacid. Heating rate 20°C/min
cooling rate 10°C/min. Perkin-Elmer DSC II
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with samples prepared in different ways. The cast film mentioned
above was not bi refringent. The reprecipitate from THF solution with
H
2
0 was not birefringent either. Reprecipitation is the most popular
purification in this laboratory. This is because abrupt precipitation
of polymers from solution leads to an amorphous structure. However,
the sample, which is dark under polarized light, at room temperature,
became birefringent at about 80°C with increasing temperature.
Solution of about 50% concentration in THF was also observed under the
polarizing microscope and dried in the air slowly. During and after
the drying process, the sample remained dark under polarized light.
Thus, the sample dried from THF solution with the rotary evaporator
proved to give enough shearing in terms of molecular orientation.
Another feature of the HPB-2100 diacid is that this did not
show strong birefringence on cooling from the melt. The texture was
homogeneous dark-gray without any pattern. Only when it was cooled
to -25°C, using a cold-stage polarizing microscope, it became
birefringent with tiny bright spots. This tendency of showing no
birefringence may be referred to as "inverse monotropi sm. " Koide and
24
coworkers also found inverse monotropi sm with polyurethanes obtained
by reactions of 3 ,3' -dimethyl-4 ,4' -biphenyldiyl-di isocyanate with
a,o)-alkanediols and ol igoethylene glycols.
Compared with p-azoxyanisole, a low molecular weight liquid
crystal, macroglycol diacids were considerably darker and less
colorful under the polarizing microscope (Figure 19) probably because
flexible spacers "diluted" the mesogen. In other words, anisotropy of
48
Fig. 19. Photomicrograph of HPB-2100 diacid taken on heating at 84°C
(200x Magnification) Zeiss.
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the compound is small. Polarized white light which consists of
rays of different wave lengths gives colors after transmitting
through an anisotropic substance, which is known as an interference
phenomenon. Suppose A, A' are the amplitude of incident light and
amplitude of transmitted light, respectively, the amplitude ratio,
A* /A is obtained with the following equation.
A'
2
_
. 2 TrdAn
—
5—
- sin —r
—
A
Ao
where d: thickness of the sample
An: birefringence
\Q : wave length
For each X 0 , which together makes up white light, the amplitude ratio
was calculated for quartz hexagonal crystal when d was 0.1 mm. The
results of these calculations are presented for the color spectrum
in Table 12.
2 2
If dAn is very small, A' /A is small and resulting transmitted
light will be dark. If dAn is very large, the intensity of interference
light will be strong but colors will fade. Brightest colors are
observed when dAn is hundreds of my. An interference color chart
was made by Michel -Levy (Figure 20).
All macroglycol di acids but the PEG-6000 derivative showed
mesomorphic behavior different from low molecular weight LC's.
Clearing under the polarizing microscope was so gradual that Ti
obtained by polarizing microscope measurement was always much higher
than Ti measured with DSC. This obscurity is partly due to the
50
TABLE 12"'
CALCULATION ACCORDING TO THE EQUATION OF INTERFERENCE
WITH QUARTZ, THICKNESS d = 0.1 mm
Xo(my) An d- An/A0 A'
2
/
A
2
437 0.0094 2.18 0.29
486 0.0092 1.89 0.11
527 0.0092 1.75 0.50
589.3 0.0091 1.54 0.98
656 0.0091 1.39 0.89
687 0.0090 1.31 0.68
766 0.0090 1.17 0.26
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molecular weight distribution of the starting material.
25
Ober and coworkers reported Polyesters containing triad
aromatic ester mesogens and poly (oxyethylene) spacers of DP~
n
= 13
and 22 showed only very faint birefringence on crystallization and
no mesophase behavior (Table 13). Comparison of the results for
polymers with the pure tetraethylene glycol and the oligomer, PEG 400
spacers, indicates that for the latter case: (1) the intensity of
birefringence was greatly reduced, (2) there was apparently only one
mesophase (the other cases: polymesomorphi c) , and (3) the clearing
temperature range was much broader.
As has been observed for other main chain LC polymers, the
greater the spacer length, the lower the melt transition. The
clearing temperature, while also decreasing with increasing spacer
length, did not show the same sharp drop as the melting temperature,
but rather decreased much more gradually.
In contrast, PEG-6000 diacid had a typical crystalline
morphology with very sharp melting. It became spherulitic on cooling
from isotropic liquid (Figure 21).
For these products, the melt and clearing transition
enthalpies were determined (Table 14). From these values and
temperatures of transition (taken here as the maximum of the
endotherm), the entropies of clearing were found to be much less
than those of melting. This result suggests that the mesophase is
much less ordered than the crystalline solid, as would be expected
for a nematic mesophase.
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TABLE 13 25
PROPERTIES OF A SERIES OF POLYESTERS CONTAINING
TRIAD AROMATIC ESTER MESOGENS AND POLY
(OXYETHYLENE) SPACERS OF DIFFERENT
LENGTHS
-lc©°c©c°0co- ( ch 2ch 2o ) n ] -
0 0 0 0
Polymer Flexible
MWC DP
n
Spacer
peo wt °r T
b
T
b
'P
A 194 4.0 34.6 121 211 245
B 200 4.1 34.7 103 158 195
C 400 8.7 51.6 102 242
D 600 13.2 61.7 91
E 1000 22.3 72.8 85
a) By NMR spectroscopy
b) Peak maximum in the DSC endotherm
c) Molecular Weight of poly (oxyethylene) unit calculated as glycol
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Fig. 21. Photomicrograph of spherulites of PEG-6000 diacid on cooling
at 40°C (200x Magnification) Zeiss.
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Table 14 shows the melting points, enthalpy changes, and
entropy changes in melting of PEG's, PTMG's, and derivatives. It
is not surprising that the values for PEG-1000 and PEG-6000 are
exactly the same. It is always true that the AH^ and ASm decrease
in the order macroglycol , its diester, and diacid in a series.
While the observations of PEG-1000 diacid (Figure 22(a))
PTMG-650 diacid (Figure 22(b)) and so on strongly indicate the type
of LC state present, additional characterization studies should
provide more definitive information which will be necessary to fully
characterize these mesophases.
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TABLE 14
MELTING BEHAVIOR OF PEG'S, PTMG'S, AND THEIR
DERIVATIVES MEASURED WITH DSC
1 lO LCI 1 Q 1 Tm ( C) AHm (cal/g) AS^mcal/g^K)
PTMG-650 20 18 61
U 1 cb Ic
I
4. 7 15
- ui etc i a T /I 38
PTMG-2000 29 21 70
- Di pctpr 91
I /
r "7
0/
— Hi a c\ HU 1 QL 1 U 1 1 J • D 1
9
PEG-1000 45 36 no
- Diester 35 9.2 30
- Diacid 43 5.5 17
PEG-1540 1 )
- Diester 21 33 no
- Diacid 2 )
PEG-6000 68 36 no
- Diester 59 30 90
- Diacid 60 28 84
1) No measurement was done.
2) The compound was not prepared.
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Fig. 22a. Photomicrograph of PEG-1000
at 41°C (200x Magnification) Zeiss.
Fig. 22b. Photomicrograph of PTMG-650 diacid taken on heating
at 124°C (200x Magnification) Zeiss.
CHAPTER V
INFLUENCE OF ENDGROUPS ON PHYSICAL PROPERTIES OF
MACROGLYCOL PRODUCTS
Purpose
As was seen in Chapter IV, hydrogenation of the glycol diester
brought about a drastic change in physical properties, converting the
end group from benzyl terephthaloyl
-p-oxybenzoyl (M-A) to hydroxy
terephthaloyl
-p-oxybenzoyi (M-B) groups. The influence of such
mesogens on the physical properties are very interesting to
investigate. Here the dyad mesogens were compared with shorter
aromatic ester groups and hydrogenated PB products were compared with
PB couterparts, since the main chain used in diacids was hydrogenated
PB while that in di esters was PB.
Experimental
Bis (benzyl terephthaloyloxy) PB (X) . Seventeen and nine-tenths g
(16.1 meq. ) of hydro xy-terminated polybutadiene (PB, MW=2120) in 6 ml
of NMP and 3.4 ml (24 mmol) of tri ethyl amine was treated with
benzyl terephthaloyl chloride (20.9 mmd) which was prepared in situ
in the reaction flask. The product mixture was precipitated with
water, dried in the air overnight, and reprecipitated with methanol
from THF solution, y. 65%, CH Analysis, C: calcd 84. 33, found 85.30,
H: calcd 10.67, found 10.67.
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Bis (hydroxy] terephthaloylox.y) HPB (XI)
. Five g of (X) was treated in
the same fashion with macroglycol diacid synthesis. Yield was 96%,
Analysis, Calcd 82.16, found 82.17, H: calcd 12.94, found 13.62.
Results and Discussion
The appearances and observations with the polarizing
microscope of the PB product series are shown in Table 15(a) and those
of the hydrogenated PB product series in Table 15(b). (When endgroup
is "none," the product is PB or HPB glycol itself.) These tables
make clear the effect of endgroups on the physical properties.
Several factors can possibly change physical properties:
long/short benzyl ester, long/short free carboxylic acid, backbone
main chain of PB/HPB. As shown in the tables, the only product that
had liquid crystal 1 ini ty proved to be that with the long free acid
moiety and with HPB. The long free acid group seems to be most
important in terms of LC, although the factor PB/HPB could not be
examined. Unfortunately, the PB product with long and short free
acid moieties could not be obtained, because vinyl and vinylene
bonds in PB are as susceptible to a reaction as benzyl ester group,
when benzyl ester is cleaved.
There are, in general, such methods as hydrogenolysis, HBr
cleavage, for selective benzyl ester cleavage in the presence of
other types of esters. However, these methods cause reaction on the
vinyl and vinylene bonds of PB backbone. Then, nitronium
hexafluorophosphate N0-PF
fi
(Cationics, Inc.) was used in order to
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obtain the PB product with free acid moiety starting with (X).
The reaction mechanism is shown in Figure 23. However, gelation
occurred probably due to the strong cationic species and benzyl
cleavage was not complete. It will not be difficult to obtain PB
diacid when other protective groups are used such as triphenylmethyl
ester, silyl esters.
n +
- HNO
R-C' + NO* YN OCH
2
Ph
.0
.
Y" „ R-C=0N OCH-Ph - PhCHO
H
?
0
— R-COOH + HY
Y"= PF
6
23. Cleavage mechanism of benzyl ic esters.
CHAPTER VI
ATTEMPTED SYNTHESIS OF TRIAD MESOGEN
Purpose
PEG-1 540 Diester was the only one of the glycol diesters of
BHBA which was a liquid crystal with a very short temperature range
of mesomorphi sm. This chapter refers to the attempted synthesis
of triad mesogens in order to overcome the above-mentioned problem
and to meet requirements for liquid crystalline elastomers.
Out! ine of Synthesi
s
It was attempted to convert BHBC into a triad with one more
4-hydroxybenzoic acid (p-HBA) but the acid chloride was too stable
even in contact with alkaline water.
Na0@)C00Na
©CH
2
0C<O>C0<O)CCl Q> r _ t\\> ©CH 2OC©CO<O)cO0CONa000 0000
BTBC (I) 'T' 'H' »H'
(II)
Another attempt was made for synthesis of the HTH triad which
represents benzyl terephthaloyl-p-oxybenzoyl-p-oxybenzoyl group.
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partial
®CH
2
OC®0C<O>C0<O>C0CH
2®"^h^®CH20C®0C©C0<O>C0Hoooo
1
H' «T' 'H
(III)
CH
2
I
K0C<U>0C<C )>C0<( )>C0H
0 0 0 0
H' 'T' 'H'
(IV)
0 0 0 0
H' 'T' 'H'
(V)
Compounds (I) and (II) were prepared through the following route
CH
2
0H + K0C<y>0H ^ g)CH
2
0Cy)0H
0
(VI)
cH
2
oc<y;oH + cic<y>cci —~ (in)
o oo
HBr/CF,C00H „
(in) hocOocOcoOcoh
II
^—
' II
^—^ II II
0 0 0 0
1
H' 'T' 'H'
(VII)
Experimental
Attemped THH Mesogen synthesis . BHBC (lOg, 25.3 mmol ) (I) was
dissolved in 120 ml of MEK. A 500 ml three-neck separable flask
was charged with the 14 mmol p-HBA solution in 28 ml N-K0H and 10 ml
H
2
0. Acid chloride solution was added dropwise under vigorous
mechanical agitation. About two hours after the last addition to the
solution, the mixture became aggregated. This mixture was purified
similarly to. the synthesis of BHBA in Chapter II. However, a very
strong
-C0-C1 absorption band was found at 1780 cm" 1 .
Benzyl 4-hydrox.y benzoate (VIL 25 ' 27 Sixty-nine g (0.5 mol ) of
p-HBA and 29 g (0.5 mol) of KOH were dissolved in 500 ml of methanol,
then the methanol was removed with a rotary evaporator. The obtained
potassium salt was dissolved in 350 ml of dimethyl formamide (DMF)
by heating, then 10 g of tetra-n-butyl ammonium iodide was added.
A three-necked flask with mechanical stirrer was charged with this
solution and benzyl chloride. Reaction temperature 90°, reaction
time 18 hours, mp 106 ^ 108°, y. 68.4% after recrystal 1 ization in
carbon tetrachloride.
Bis (4-carbobenzoxyphenyl ) terephthalate (III) . 25 Seventeen and
three tenths g (72 mmol ) of benzyl 4-hydroxy benzoate (VI), 7.3 g
(36 mmol) of terephthal oyl chloride, and 150 ml of dry pryidine were
stirred under nitrogen at 70°C for one hour. The reaction mixture
was allowed to cool, then poured into 600 ml of stirred 2N-HC1. After
filtering, the white precipitate was stirred in NaHC0
3
solution,
filtered and washed consecutively in water, dilute HC1 , and water;
then it was stirred in 95% ethanol , left overnight, and filtered.
A white powder was obtained in 80% yield.
25
Bis (4-carboxyphenyl ) terephthalate (VII) . Nine and eight tenths g
(17 mmol) of the benzyl -blocked diacid (III) were dissolved in 150
ml of trifluoroacetic acid and allowed to stir for 10 min. ; then
5 ml of 33% HBr in acetic acid were added and allowed to stir for
4 hours. A precipitate formed after approximately 15 min. and
stirring became more difficult. The product was then filtered,
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washed with acetone, and dried under vacuum. Yield was 95%, and
the compound decomposed above 348°C.
Attempted synthesis of triad mesogen precurser
.
Partial hydrolysis with alkali . A dropping funnel was
charged with KOH (46.9 mmol) solution in 37 ml of benzyl alcohol;
27.5 g (46.9 mmol) of III was dissolved in 400 ml of THF. KOH
solution was added dropwise to III solution. The reaction was
stirred at r.t. for 45 hours but IR spectrum showed no reaction
occurred. Thereafter, 10 ml of H
2
0 was added and the mixture was
refluxed for 21 hours. The product was a phenol compound which
implies that hydrolysis took place on the phenyl ester group.
Partial hydrolysis with hydrogen bromide . Five g (8.5 mmol)
of III was dissolved in 50 ml trifluoroacetic acid. To this solu-
tion, 30% HBr in acetic acid (8.5 mmol) was added dropwise and the
mixture was stirred at room temperature for 30 hours. However, diacid
VIII was obtained in 81% yield.
Attempted synthesis using benzyl iodide . Benzyl iodide was prepared
by refluxing the mixture of benzyl chloride and pottassium iodide in
methanol for 2 1/2 hours; 4.06 (10 mmol) of IV and 1 g n-Bu^NI were
dissolved in 150 ml Dimethyl sulfoxide (DMS0) by heating in a flask
KOH solution (10 mmol) in MeOH was added little by little. Precipi-
tation occurred due to the salt formation. After cooling on a water
bath, benzyl iodide was added and stirred for 1 hour, then the
temperature was raised. Into 1200 ml of H ?0, the reaction mixture
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was poured little by little and acidified. More than 62% was IV
which was recovered by washing with THF.
Pi scussion
Attempted THH mesogen synthesis
. First, BTHC(I) was treated with
p-HBA in ether/CH
2
Cl
2
=1 to 1 , by volume, which resembles the
successful BTBA synthesis. But the starting material was recovered.
Then, methyl ethyl ketone (MEK) was chosen as a reaction solvent
because MEK is much more hydrophilic than ether and methylene
chloride, which were described before. Acid chloride was stable
even in contact with alkaline solution. Acid chloride was not
hydrolyzed even when its particle size after precipitation from
ether solution was so small that the particle came down through the
filter paper with medium pore size. This small size was obtained by
using Bu4 NI as PTC.
Partial hydrolysis with alkali and acid . In the case of partial
hydrolysis of di benzyl terephthalate, the yield was fairly good.
However, phenyl ester seems to be easier to hydrolyze probably
because phenyl ester is less stable with alkali than benzyl ester.
Since acid catalytic reaction is known to procede with
catalytic amount of acid which is different from the basic system,
the first attempt was to carry out with dry HBr. In the absolute
system, the extent of hydrolysis should not exceed the theoretical
molar ratio of HBr to the substate. The amount of HBr would control
the reaction. HBr was generated with bromine and tetrahydronaphthalene
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(tetralin) in the presence of iron powder and dried with concentrated
sulfuric acid. Methylene chloride was used as a reaction solvent.
However, no reaction occurred, probably because the HBr amount was
not enough to catalyze the reaction. A similar observation was made
in the following experiment, which will convince us that low pH is
necessary to hydrolyze. Five g (III) in 100 ml CH 2 C1 2 was treated
with 30 32% HBr in acetic acid, but no reaction occurred. Similarly,
an equimolar amount of HBr in strongly acidic trifl uoroacetic acid
caused the catalytic hydrolysis--non-stoichiometric in terms of the
ratio of the substrate to catalyst.
CHAPTER VII
APPLICATION TO REACTION INJECTION MOLDING SYSTEMS I
The objective of this Chapter is to discuss the use of the
compounds synthesized in this work for the Reaction Injection
Molding (RIM) based on the physical association of LC endgroups
beginning with the comparison of RIM with other high-speed plastic
processing techniques. The term RIM may be a misnomer in the sense
that there is no chemical "reaction." A physical association is
responsible for the formation of an effectively high molecular
weight polymer.
Comparison of RIM with Conventional Plastic Processing
RIM, being a comparatively new processing technique, has
been employed along with other established plastic processes. RIM
involves simultaneous high-pressure injection of two or more reactive
liquid streams into a small impingement mixing chamber, followed by
low-pressure injection to a mold cavity. The mixing head controls
the timing of the shot, is self-cleaning, and seals the mold.
Since urethane systems satisfy the requirements for RIM
processing, rigid structural foam, low-modulus elastomers, and
high-modulus elastomers are made by this method. The process
requires liquid intermediates which can be catalyzed to provide
rapid polymerization at low temperatures without gaseous by-product.
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Because RIM involves the injection of liquid intermediates
into the mold, the inherent advantages of RIM system over the other
high-speed plastic processing techniques are:
Lower temperatures
.
The temperatures of the injected liquid streams
are in the range of 75° to 150°F. Mold temperatures are 120° to
170°F. Since the reaction is exothermic, little added heat is
requi red.
Lower pressures
. The in-mold pressure normally is less than 50
p.s.i., requiring less clamping force than the other processes.
Clamping force in tons can be estimated as equal to 0.05 times the
projected area of the part in sq. in.
Reduced tooling (mold) costs . Because of the low pressures, lighter-
weight mold can be used than those required for injection molding.
Finishing of the tool, however, is critical since the surface of the
part will duplicate the mold surface.
Reduced energy consumption . Because of the low temperatures and
pressures, RIM requires only 10 to 30% of the energy needed for
injection molding comparable parts.
Lower equipment costs . Capital investment for RIM machines is
significantly lower because liquid intermediates and lower pressures
are involved.
Design flexibility . Production of large parts with complex shapes,
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variable wall thickness, ribbing, and bosses is facilitated by the
RIM process. Since the reactants fill the mold as a liquid and
then polymerize, there are no stresses mold into the parts.
Cycle times feasible with current RIM technology are in the
range of 2 to 4 minutes.
Liquid Crystals Applied to RIM
Work is underway in many laboratories to evaluate potential
RIM processes that do not involve urethane or urea products. Epoxy,
polyester, polyacrylate, and polystyrene systems all show required
reactivity without the evolution of volatiles. 29 ' 30 Additionally,
the anionic ring-opening of caprolactams 30 and polyamides 31 have been
investigated for the application to RIM systems.
On the other hand, the development of thermoplastic
elastomers in the past decade has depended largely on the use of ABA
block copolymers, in which the elastomeric B structure is the con-
tinuous phase, and the hard A segments separate into domains which
solidify or crystallize to tie down the elastomeric segments by
thermoplastic crosslinks, and also act as solid reinforcing filler
particles. The elastomeric properties of these copolymers are
primarily due to the phase segregation of "soft" and "hard" segments
leading to the formation of "hard" segment domains dispersed in a
rubbery matrix. Macroglycol diacids in this study possess "hard"
mesogens and "soft" flexible spacers which may lead to phase
segregation. Figure 24 shows the proposed theory for physical
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Fig. 24. Proposed theory for physical
association of nematic state.
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association of nematic state in which molecules remain parallel to
one another but the positions of their centers of gravity are
disorganized. Molecular association involves hydrogen bonding
"tail-to-tail" and cohesive force by aromatic moiety "side-by-side."
It was our aim, therefore, to synthesize and characterize
compounds which may have thermally reversible chain extension by the
association of liquid crystalline endgroups. This approach would be
similar to the RIM process in that the concept would be to use low
molecular weight prepolymers with mesogenic endgroups and all physical
association and MW build-up to occur within the mold after melt
injection of these materials. In short, thermotropic prepolymers
would be forced into the mold in the liquid crystalline state.
In order to achieve the processabil i ty which is required to
apply these polymers to the RIM system, the material viscosity should
be fairly low, 0.1 ^ 10 poise. Johnson and Porter reviewed the
rheology of liquid crystals. They noted the ease of orientation of
LC by surfaces, by electromagnetic fields, and by mechanical
stress, and the effect in viscosity as a result of orientation. The
32
data on p-azoxyani sole collated by Johnson and Porter from their
own and other work shown in Figure 25 illustrates some of the effects
observed. Orientation by a magnetic field causes a four-fold change
of viscosity in the nematic state but has no effect on the isotropic
fluid. It is interesting to note that the viscosity of the unoriented
nematic phase is less than that of the isotropic liquid, even though
the temperature is lower.
Fig, 26a. Relationship between melt viscosity and
£-hydroxybenzoic acid (PHB) mole%
Fig. 26b. Tensile strength of injection-molded polyesters.
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It is obviously disadvantageous when the material is processed
at excessively high temperatures because energy cost is high and
the polymer will not form a strong LC induced orientation from a
random melt. The concept LC induced orientation in polymers is quite
new and such materials are referred to as self-reinforcing plastics. 33
This concept involves two important advantages, good processabil ity
with low viscosity and self-reinforcement by LC orientation without
any conventional reinforcement. As shown in Figure 26, 34 the sharp
drop in melt viscosity of liquid-crystalline thermoplastics is
found at a certain comonomer ratio in the copolymer of
poly (ethylene terephthalate) and poly (p-hydroxybenzoic acid) which
is capable of forming LC. The mechanical properties correlate to
the viscosity which implies the orientation by LC formation. The
mechanical properties are better than reinforced nylon 6/6 and
reinforced PBT.
Kevlar, poly (p-phenylene terephthamide) is an example with
lyotropic nematic properties, which has been commercialized as an
extremely high-strength fiber by duPont. A 15% solution of this
polyamide in sulfuric acid is liquid crystalline. During the
spinning of fibers out of this solution, the liquid-crystalline
properties of the resultant fibers are permanently fixed. The high
degree of orientation of the rod-forming polyamide chains, which
takes place during spinning and without subsequent stretching,
produces remarkable mechanical properties.
Melt spinning of polyesters and polyazomethines is under
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investigation in a few research institutes. Polyesters capable of
forming thermotropic LC are spun from therotropic melt to attain
remarkable mechanical strength.
Future Work
Since the mechanical properties of macroglycol di acids in
this study are poor, stress should be put on improvement in these
properties for future work. Other types of mesogens are considered
to be necessary which have much stronger intermolecular interactions
than the present hydrogen bonding by terminal carboxylic groups.
From the viewpoint of forming energy, metal complexes of some sort
including metal locenes and chelates have more stability than hydrogen
bonding whose formation energy is several Kcal/mol. Good mechanical
properties may be obtained by increasing the aromatic mesogenic
content, which may be achieved efficiently when oligomeric (p-hydroxy-
benzoate) is synthesized with DP
n
more than three. It is believed
that only a few percent of macromolecular chains contribute to the
mechanical strength of conventional polymeric materials due to
defects. Therefore, it may not be a dream that a substance which
has poor properties might be strengthened by this unique LC method.
This improvement in properties would be similar to that in
polyethylene produced by ultra-high-drawn technique.
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